Introduction: c-Hydroxybutyric acid is an endogenous substance, a therapeutic agent, and a recreational drug of abuse. This psychoactive substance acts as a depressant of the central nervous system and is commonly encountered in clinical and forensic practice, including impaired drivers, poisoned patients, and drug-related intoxication deaths. Objective: The aim of this review is to assist clinical and forensic practitioners with the interpretation of c-hydroxybutyric acid concentrations in blood, urine, and alternative biological specimens from living and deceased persons. Methods: The information sources used to prepare this review were PubMed, Scopus, and Web-ofScience. These databases were searched using keywords c-hydroxybutyrate (GHB), blood, urine, alternative specimens, non-conventional biological matrices, saliva, oral fluid, sweat, hair, vitreous humor (VH), brain, cerebrospinal fluid (CSF), dried blood spots (DBS), breast milk, and various combinations thereof. The resulting 4228 references were screened to exclude duplicates, which left 1980 articles for further consideration. These publications were carefully evaluated by taking into account the main aims of the review and 143 scientific papers were considered relevant. Analytical methods: The analytical methods used to determine c-hydroxybutyric acid in blood and other biological specimens make use of gas-or liquid-chromatography coupled to mass spectrometry. These hyphenated techniques are accurate, precise, and specific for their intended purposes and the lower limit of quantitation in blood and other specimens is 0.5 mg/L or less. Human pharmacokinetics: GHB is rapidly absorbed from the gut and distributes into the total body water compartment. Only a small fraction of the dose (1-2%) is excreted unchanged in the urine. The plasma elimination half-life of c-hydroxybutyric acid is short, being only about 0.5-0.9 h, which requires timely sampling of blood and other biological specimens for clinical and forensic analysis. Endogenous concentrations of GHB in blood: GHB is both an endogenous metabolite and a drug of abuse, which complicates interpretation of the laboratory results of analysis. Moreover, the concentrations of GHB in blood and other specimens tend to increase after sampling, especially in autopsy cases. This requires the use of practical "cut-off" concentrations to avoid reporting false positive results. These cut-offs are different for different biological specimen types. Concentrations of GHB in clinical and forensic practice: As a recreational drug GHB is predominantly used by young males (94%) with a mean age of 27.1 years. The mean (median) and range of concentrations in blood from apprehended drivers was 90 mg/L (82 mg/L) and 8-600 mg/L, respectively. The concentration distributions in blood taken from living and deceased persons overlapped, although the mean (median) and range of concentrations were higher in intoxication deaths; 640 mg/ L (280 mg/L) and 30-9200 mg/L, respectively. Analysis of GHB in alternative specimens: All biological fluids and tissue containing water are suitable for the analysis of GHB. Examples of alternative specimens discussed in this review are CSF, saliva, hair strands, breast milk, DBS, VH, and brain tissue. Conclusions: Body fluids for the analysis of GHB must be obtained as quickly as possible after a poisoned patient is admitted to hospital or after a person is arrested for a drug-related crime to enhance chances of detecting the drug. The sampling of urine lengthens the window of detection by 3-4 h compared with blood samples, but with longer delays between last intake of GHB and obtaining specimens, hair strands, and/or nails might be the only option. In postmortem toxicology, the concentrations of drugs tend to be more stable in bladder urine, VH, and CSF compared with blood, because these sampling sites are protected from the spread of bacteria from the gut. Accordingly, the relationship between blood and urine concentrations of GHB furnishes useful information when drug intoxication deaths are investigated.
Introduction c-Hydroxybutyric acid (4-hydroxybutyric acid, GHB) is a straight chain carboxylic acid comprised of four carbon atoms and a single hydroxyl (-OH) group bonded to C-4 ( Figure 1 ). Its molecular weight is 104.1 g/mol. The acid (-COOH) and alcohol (-OH) functional groups in close proximity mean that GHB can undergo intramolecular esterification. In aqueous solution, depending on time, temperature, and pH, GHB is converted to the corresponding cyclic ester (c-butyrlolactone, GBL), as depicted in Figure 1 . Accordingly, at low pH (acid catalyzed) the cyclization is favored and GHB is dehydrogenated to yield GBL. In basic media (high pH) the reverse reaction occurs and GBL is hydrolyzed back to GHB [1] .
GHB and its analogs hit the headlines in the early 1980s when they were first used as recreational drugs of abuse and were culpable in a number of drug overdose deaths [2] . Earlier GHB was investigated as a possible general anesthetic [3, 4] , but was rejected for clinical purposes owing to its lack of an analgesic effect and the fact that some patients vomited after treatment [5] . Shortly afterward, GHB could be purchased from health food stores and was touted as a dietary supplement for use by body builders to stimulate the growth hormone and increase muscle mass (anabolic effect) [6, 7] .
According to the UK Misuse of Drugs Act, GHB is classified as a controlled substance (Class C), making it a crime to possess, manufacture or supply the drug. The precursor chemical GBL is also a scheduled substance belonging to Class C, whereas 1,4-butanediol (1,4-BD) is not prohibited. Both GBL and 1,4-BD are rapidly and effectively converted to GHB in the body and are therefore subject to abuse [8] [9] [10] [11] . There is an ongoing diversion of these organic solvents from the legal to the illegal drug market [12] [13] [14] .
Small recreational doses of GHB produce feelings of euphoria with loss of inhibitions, whereas large acute doses have more dramatic effects on a person's performance and behavior. People become dizzy and drowsy, they experience nausea and vomiting, and often become unconscious and require emergency hospital treatment [10] . Furthermore, people intoxicated by GHB suffer from anterograde amnesia, which is one of the reasons this drug is used by perpetrators in sexual assault cases [15] [16] [17] [18] [19] . The difference between a recreational dose of GHB and a toxic or lethal dose is fairly narrow, which probably accounts for many accidental overdose deaths involving this drug [20] [21] [22] .
GHB has been implicated in many types of forensic cases including sexual assaults (date rape) [23, 24] , in the context of rave-parties and "chemsex" [25] , driving under the influence of drugs [26, 27] , and in drug overdose deaths and murder [28, 29] .
The sodium salt of GHB (sodium 4-hydroxybutyrate), generic name sodium oxybate, has been developed and registered as a pharmaceutical product. This medication is sold under the trade name Xyrem V R when prescribed for treating people with a sleep disorder, such as narcolepsy [30, 31] and the proprietary name is Alcover V R when used to alleviate alcohol withdrawal syndrome and treat alcohol dependence [32, 33] .
Objective
The aim of this review is to assist clinical and forensic practitioners in interpreting GHB concentrations in blood, urine, and alternative biological specimens. Relevant aspects of the chemistry and pharmacology of GHB are covered, along with information about absorption, distribution, metabolism, and excretion patterns in humans.
Methods
Relevant scientific articles were identified by searching PubMed, Scopus, and Web-of-Science up to May 2018 using the keywords: c-hydroxybutyrate, GHB, blood, urine, alternative specimens, non-conventional biological matrices, oral fluid, saliva, hair, vitreous humor (VH), brain, cerebrospinal fluid (CSF), breast milk, and dried blood spots (DBS).
The main keywords c-hydroxybutyrate and GHB were searched individually and also in association with the other keywords listed. In addition, various institutional and government websites dealing with abused drugs were scrutinized. The resulting 4228 references were screened and duplicates were excluded, which left 1980 articles for further consideration.
All publications were carefully evaluated by taking into account the main aims of the review, namely interpreting GHB concentrations in biological specimens for clinical and forensic purposes. Articles in languages other than English were not considered. We were mainly interested in (1) human studies; (2) original research articles, single case reports, and case series; (3) papers classified as reviews, minireviews, letters-to-the-editor, and commentaries; and (4) documents and guidelines promulgated by scientific societies and international organizations. This left 143 scientific papers, distributed as 85 original research articles, 32 single case reports and case studies, 20 reviews and/or minireviews, 4 letters-to-the-editor, and 2 documents published on institutional websites.
Analytical methods
The analytical methods available for the determination of GHB in biological specimens are sufficiently reliable for their intended purpose and are not considered further in this review [34] . Most laboratories utilize chromatographic procedures based on gas chromatography (GC) with flame ionization detector (FID) or GC coupled to mass spectrometry (MS) Figure 1 . Acid catalysed interconversion of GHB to the cyclic ester GBL.
or liquid chromatography (LC) procedures. These hyphenated techniques of GC-FID, GC-MS, GC-MS/MS, or LC-MS/MS are highly sensitive and specific for quantification analysis of GHB in a wide range of biological specimens including blood, saliva, urine, hair strands, etc [34] [35] [36] .
The GHB concentrations observed in peripheral blood after recreational use of the drug are often in the range 80-200 mg/L in living subjects and between 80 and 1000 mg/L in drug-related deaths [21, 37] . The lower limit of quantitation (LLOQ) of GHB by use of these sensitive and specific analytical techniques is often 0.5 mg/L or less, depending on the method used.
Human pharmacokinetics
GHB has a short plasma elimination half-life as verified in a recent randomized double-blind cross-over study [38] . The mean half-life was 36 ± 9 min (± SD) after 20 mg/kg and 39 ± 7 min after a dose of 35 mg/kg. The range of half-lives for both doses of GHB was 25-58 min (N ¼ 32 male subjects), which calls for timely sampling of biological specimens in clinical and forensic medicine when drug-related crimes and/ or victims of sexual assault are investigated.
The pharmacokinetics (PK) of GHB has been well studied in both healthy volunteers and in various patient groups treated with sodium oxybate. For safety reasons, the doses of GHB administered usually range from 20 to 100 mg/kg body weight [39] [40] [41] [42] . The study by Abanades et al. [43] was particularly useful because four different doses of GHB (40, 50, 60 , and 72 mg/kg) were administered to eight healthy volunteers. The main PK parameters derived from their study are summarized in Table 1 .
After oral administration, GHB is rapidly absorbed from the gut reaching peak concentrations in plasma (C max ) by 0.6-0.9 h postdosing ( Table 1) . The mean C max increased with increasing GHB dose from 79.1 mg/L (40 mg/kg) to 130.1 mg/L (72 mg/kg). As expected, area under the curve (AUC) also increased with dose from 106.5 mg/L Â h (40 mg/kg) to 301.1 mg/L Â h (72 mg/kg). The mean plasma elimination half-life of GHB was short being only 0.57-0.73 h (34-44 min) and was independent of the dose of GHB.
Only about 1-2% of the administered dose was excreted unchanged in the urine, which was collected at intervals for up to 6 h postdosing ( Table 1) . The low urinary excretion of unchanged GHB confirmed earlier work by Ferrara et al. [41] , who administered 25 mg/kg GHB every 12 h to alcoholdependent patients and recovered $1% of the dose in the urine.
After low therapeutic doses of GHB, the concentration--time profiles are best described by first-order kinetics, whereas after abuse doses of the drug capacity-limited (zeroorder) kinetics seems more appropriate, because the metabolizing enzymes are seemingly saturated at high substrate concentrations [39, 44, 45] . Figure 2 shows the PK profiles of GHB derived from a controlled dosing study involving 18 men and 18 women, each Table 1 . Pharmacokinetic parameters of GHB in plasma from a double-blind randomized cross-over study involving eight male volunteers, who received sodium oxybate in the doses indicated. The results are (mean ± SD) from the study by Abanades et al. [43] . Figure 2 . Pharmacokinetic profiles of GHB in plasma from a controlled dosing study with 18 men and 18 women. The subjects received an oral dose of 4.5 g GHB as sodium oxybate [45] . The left plot shows concentration-time data plotted on a linear scale (zero-order elimination rate 18 mg/L/h) and the right plot is a semilogarithmic scale (elimination half-life 39 min). The graph was re-drawn from reference [44] .
Pharmacokinetic
of whom received 4.5 g GHB as sodium oxybate [45] . The left graph in Figure 2 is drawn on a linear scale and the right plot after making a semi-log transformation. The shape of the concentration-time profiles of GHB was not significantly different for the male and female subjects. When the kinetics of elimination were assumed to be first-order (right plot), the mean plasma elimination half-life was $39 min (0.65 h) and this was independent of gender. Evaluation of the same data using a zero-order kinetic model (left plot) gave an elimination rate constant (k 0 ) of 18 mg/L/h on average [44] . Assuming that the mean plasma half-life of GHB is 30-45 min, a simple calculation shows that after 180-270 min (six half-lives) the drug is more or less cleared from the bloodstream. Accordingly, the concentrations of GHB remaining in the blood by 3-4.5 h postdosing cannot be distinguished from endogenous levels, which range from 1 to 5 mg/L according to various studies.
After intake, GHB distributes into the total body water (TBW) compartment and there is no evidence of any binding to plasma proteins. The distribution volume (V d ) of GHB falls within the range expected (0.4-0.6 L/kg) for water-soluble drugs. However, the concentration-time profiles in blood sometimes suggest a two-compartment model with an initial V d of 0.40 L/kg (first compartment) increasing to 0.60 L/kg (second compartment) after complete absorption and distribution in all body fluids and tissues. GHB is a drug that shows capacity-limited metabolism and the MichaelisMenten equation can be used to characterize the plasma elimination kinetics [44] .
Endogenous concentrations of GHB in blood
When interpreting the concentrations of GHB determined in blood and other body fluids it is essential to consider the dual nature of this substance, endogenous metabolite and recreational drug of abuse. Low concentrations of GHB (<0.5-5 mg/L) are measurable in different biological specimen types even without any prior exposure to the drug. These endogenous concentrations do not seem to depend on gender, ethnicity, or the medication a person was taking at the time [46] [47] [48] [49] [50] . Certain food stuff and alcoholic beverages contain small amounts of GHB, although these are diluted with the TBW, which represents 50-60% of body weight, so these sources of the drug do not pose any danger to public health [51] [52] [53] .
Human blood contains $80% w/w water and has a density of 1.055 g/mL in healthy individuals with normal hematocrit value. The expected distribution ratio of GHB between plasma (92% w/w water) and whole blood (80% w/w water) is 1.15:1 based on differences in water content (92/80 ¼ 1.15) of the specimens [54] .
Endogenous concentrations of GHB tend to be higher in autopsy blood compared with blood drawn from living subjects, and this should be considered when toxicological results are interpreted [55] . In decomposed bodies, a few studies have reported GHB concentration exceeding 100 mg/ L when central (heart) blood was the specimen analyzed [56, 57] . The higher GHB concentrations in central compared with peripheral blood could have several explanations. The condition of the body, ongoing putrefaction processes, is obviously important as is the addition of a fluoride preservative to the blood sample [58] . The mean endogenous concentration of GHB in charred cadavers (4.53 mg/L) was lower than in noncharred bodies (11.7 mg/L), and denaturation of enzymes by heat was suggested to account for this difference [55] . The role of PM redistribution from tissues, such as the liver, to the blood circulation has not been thoroughly investigated for GHB. However, in one study endogenous GHB concentrations were not significantly different for cardiac blood (4.0 mg/L) and femoral venous blood (4.6 mg/L) when postmortem interval was 48 h or less [59] .
Practical cut-off concentrations
Because of the endogenous nature of GHB, a good laboratory practice requires that toxicologists adopt an analytical "cut-off" concentration above which positive results are reported. This is a safeguard to avoid reporting false positive results and accusations of GHB use or abuse [60] . These analytical cut-offs are higher than the highest endogenous concentration and are different for different biological specimen types. No general consensus has been reached about the best analytical cut-off concentration that verifies exogenous intake of GHB. The values given in the table are based on a review of the literature and our own experiences in dealing with forensic cases. b The higher cut-off of 50 mg/L should be considered if heart blood was the specimen analysed and/or if there was a long postmortem interval and the body had undergone decomposition. A lower cut-off of 30 mg/L is suitable for short postmortem intervals and femoral venous blood. c GHB should be determined in $1 cm segments of hair along the shaft and results compared and contrasted. Table 2 reports endogenous concentrations of GHB in different biological matrices for antemortem and postmortem specimens [48, 61] . These values were derived from a review of the literature and our own experience from routine forensic casework. Also, Table 2 shows the analytical cut-off concentrations recommended before positive GHB results are reported [62] . Note that the "cut-off" concentrations are higher than the highest endogenous concentration listed for the various biological specimen types analyzed [63] .
The situation with autopsy specimens is more complicated and it is necessary to consider the blood-sampling site, (cardiac or femoral vein), the postmortem interval, any evidence of decomposition of the body as well as addition of fluoride as enzyme inhibitor. Finding that the concentration of GHB in femoral venous blood is just above the 30 mg/L threshold ( Table 2 ) might be consistent with GHB intake during life but this conclusion is augmented with elevated levels found in an alternative specimen, such as urine, VH or CSF [56] . GHB concentrations seem to increase in body fluids after death, especially in central cardiac blood, which might necessitate a higher analytical cut-off for this type of specimen (see the footnote of Table 2 ). In bodies that are badly decomposed considerable caution is warranted before positive blood GHB concentrations are reported [57] .
When judging whether a positive GHB result correctly reflects exogenous exposure or intake of the drug as opposed to being a postmortem artifact, one needs to consider all available information in the case including the age and gender of the deceased, the cause and manner of death, and other circumstances such as medical records and history of substance abuse. The analytical cut-offs in Table 2 depend on the endogenous concentrations of GHB for the various biological specimen types. The higher the endogenous concentration the higher the cut-offs, which are also higher for postmortem specimens compared with antemortem specimens.
Concentrations of GHB in clinical and forensic practice
Apprehended drivers Table 3 reports the age, gender, and concentrations of GHB in blood samples from people arrested in Sweden for driving under the influence of drugs [27] . The average GHB concentration in male traffic offenders was 90 mg/L, which was not significantly different from females with a mean concentration 99 mg/L (p > 0.05). However, the prevalence of male traffic offenders was appreciably higher than females (94% vs 6%, p < 0.001), although there was no statistically significant gender difference in their mean age (p > 0.05).
When interpreting GHB concentrations in traffic offenders, it is important to consider that on average 30-90 min (mean 60 min) elapses after a driver is arrested and before a blood sample is taken. In injured drivers, the time delay could be much longer. The short elimination half-life of GHB makes it obvious that the blood concentrations were appreciably higher at the time of the driving compared with the time of sampling blood for toxicological analysis [27] .
Sexual assault cases
Little information is available about GHB concentrations in blood from victims of sexual assault or date rape, because of the drug's rapid clearance from the bloodstream, e.g. after surreptitious administration [64] . In many such cases, a considerable time elapses before victims contact the police authorities so that arrangements can be made for a medical examination and sampling of blood and urine for toxicological analysis [65] . During this time delay, the concentration of GHB in blood often decreases reaching endogenous levels, because of the drug's short elimination half-life. Forensic evidence of a drug-related crime is often lacking and analytical reports in such cases often conclude that GHB was not detected [66, 67] .
Another problem with investigating the surreptitious administration of GHB is that victims suffer from anterograde amnesia, which makes it difficult to remember exactly what happened to them, except that they suddenly became incapacitated and then engaged in a nonconsensual sexual act [25, 68] . Table 4 summarizes the concentrations of GHB determined in femoral blood in 51 deaths that forensic pathologists attributed to being a drug intoxication or some other cause, such traffic crash or sharp or blunt force trauma (N ¼ 20). The mean age of victims was not significantly different in relation to cause of death (p > 0.05), although the median GHB concentration in blood was considerably higher in the intoxication deaths (280 mg/L vs. 72 mg/L, p < 0.001). Table 5 shows the concentrations of GHB in femoral blood and bladder urine in a case series of drug intoxication deaths compared with other causes of death, such as trauma. The mean age of victims was close to 30 years regardless of the cause of death (p > 0.05). However, the mean and (median) concentrations of GHB in blood were significantly higher (p < 0.001) in the intoxication deaths 637 mg/L (260 mg/L) compared with other causes 73 mg/L (52 mg/L). Furthermore, both the mean and median urinary concentrations of GHB were higher than the concentrations in femoral venous blood regardless of the cause of death (p < 0.001).
Drug-related deaths
The relative frequency distributions of GHB concentrations in blood samples from living subjects, such as impaired drivers, and GHB-related deaths show a significant overlap. In apprehended drivers, the GHB concentrations in blood ranged from the analytical cut-off (e.g. 5 mg/L) up to 600 mg/L [27] . In autopsy cases, the mean and median concentrations of GHB in femoral blood were higher in drug intoxication (poisoning) deaths (range 30-9200 mg/L) compared with other causes of death (range 30-210 mg/L).
Analysis of GHB in alternative specimens
Toxicological analysis of drugs in alternative or less conventional biological specimens has emerged as an important area of clinical and forensic toxicology [69] . Identification of a drug or toxin in more than one type of specimen or matrix is a recommended practice because the quality of autopsy blood samples can vary widely, which might compromise the results. Furthermore, the identification of a drug in different types of biological fluids gives more compelling evidence that a person was exposed to that substance or had ingested the drug during life. In clinical situations collecting hair strands, saliva, sweat, or nail clippings is considered less invasive compared with sampling venous blood.
Cerebrospinal fluid
CSF is the clear watery liquid that surrounds the brain and spinal cord of humans and animals. CSF is mostly water (95-99%) and its biochemical composition is similar to that of plasma or interstitial fluid [70] . CSF is usually obtained by lumbar puncture (spinal tap) in living patients, whereas during autopsy, the sample is taken from the cisterna magna (cisterna CSF). The total volume of CSF available in adults is $135 mL and because this is a relatively clean biological fluid it is ideal for forensic drug analysis [71, 72] . The sampling and analysis of CSF are useful whenever a dead body is decomposed, because CSF is more protected from the spread of bacteria from the gut.
Moriya and Hashimoto [59] investigated the presence of endogenous GHB in CSF in nine autopsy cases when the postmortem interval was less than 48 h. The GHB concentrations ranged from undetected (less than 0.5 mg/L) to 4.6 mg/ L (mean 1.8 mg/L, median 1.9 mg/L. The mean GHB concentration was significantly lower (p < 0.01) in CSF compared with femoral blood from the same autopsy case. The authors concluded that CSF was a useful alternative biological matrix for analysis of GHB and that 10 mg/L was an appropriate analytical cut-off concentration for reporting positive cases, the same as that used with urine.
More recently, Andresen-Streichert et al. [62] measured endogenous GHB in different biological specimens (heart blood, peripheral blood, urine, CSF, and VH) in 64 autopsies when the deceased had no prior history of GHB exposure during life. In 52 cases, an autopsy was performed between 1 and 11 days after death, and the concentrations of GHB in CSF ranged from <0.6-24.0 mg/L (mean 4.2, median 3.2 mg/ L). In four cases, the concentration exceeded the 10 mg/L cut-off proposed earlier by Moriya and Hashimoto. The GHB concentrations in blood in these cases were 10.3 mg/L, 10.4 mg/L, and 10.8 mg/L, and one was as high as 24 mg/L.
Tittarelli et al. [73] determined GHB in samples of CSF from three men treated with sodium oxybate for type 1 narcolepsy (NT1). The dose regime was either 2.5 g, 3.0 g, or 7.0 g given in two daily half-doses at 10.30 pm and 2.30 am. The GHB concentrations in samples of CSF taken 6 h after the second half dose were 5.62 mg/L (2.5 g dose), 6.1 mg/L (3.0 g), and 17.7 mg/L (7.0 g), respectively. These concentrations can be compared with a range from <0.5 mg/L to 0.55 mg/L in CSF from drug-free control subjects The relatively low concentrations of GHB in CSF from patients treated with Xyrem V R can be explained by metabolism occurring over the 6 h interval between drug intake and sampling of CSF. In the same study with NT1 patients, the glucuronide metabolite of GHB (GHB-Gluc) was determined in CFS and compared with a drug-free control group. The concentrations of GHB metabolite were not significantly different between patients receiving sodium oxybate and the controls [73] .
Busard o et al. [35] measured GHB concentrations in CSF in three narcoleptic patients on daily doses of sodium oxybate given as two half doses. Six hours after the second half dose lumber CSF contained 21.07 mg/L, 17.74 mg/L, and 5.4 mg/L of GHB when the patients had taken 9 g, 9 g, and 5 g of sodium oxybate, respectively. In the same study, GHB- Gluc concentrations in CSF agreed well with values reported earlier [73] .
Saliva
Oral fluid or saliva has received considerable attention as an alternative specimen for the analysis of drugs in both clinical and forensic toxicology [74, 75] . Saliva is mainly composed of water (99%) and is produced by three pairs of glands, the submandibular, the sublingual, and the parotid glands [76] . Specimens for analysis can be produced by tongue and lip movements and then spat or ejected into a small glass vial, which is made airtight. Several milliliters of oral fluid can be produced in this way although also available are specially designed sampling devices, such as a cotton wool swab and spatula [77] . Some people, such as those taking anticholinergic drugs, suffer from a dry mouth and might have difficulty producing the required volume of oral fluid for analysis. The sampling of saliva is simplified and more standardized when a commercially available device is used, because these also indicate when the required volume of sample is collected [78] .
Only the nonprotein bound free fraction of a drug in plasma can enter the saliva, which is relevant to consider when concentrations of drugs determined in saliva are compared with concentrations in plasma [79] . Factors influencing salivary pH might be important to consider for some drugs, depending on their pK a and other factors [80] .
In 120 individuals (75 females and 45 males), mean, median, and range of endogenous GHB concentrations in oral fluid were 1.29 mg/L, 1.13 mg/L, and 0.15-3.33 mg/L, respectively [46] . Statistical analysis using the Mann-Whitney test indicated that GHB concentrations in saliva neither depended on the donor's age, gender, medical condition, and use of medications nor recent intake of food or drink. This study concluded that saliva was a viable biological specimen for analysis of GHB and in some situations might be more suitable than blood, such as at remote locations or epidemiological surveys of impaired driving. However, the authors did not draw any conclusion regarding the analytical cut-off concentration that differentiates endogenous levels in saliva from exogenous intake.
After administration of GHB, the concentrations in saliva decreased at about the same rate as in blood indicating similar PK profiles, so the use of saliva as an alternative matrix does not extend the detection window for GHB [81] . Furthermore, the saliva/blood concentration ratios of GHB were mostly less than unity, which implies an overall lower salivary GHB concentration.
Abanades et al. [82] were among the first to analyze GHB in saliva and reported a mean (± SD) predosing (endogenous) concentration of 0.12 ± 0.02 mg/L. After administration of a single oral dose of 50 mg/kg GHB as sodium oxybate the concentrations of GHB in saliva peaked at 0.5 h postdosing (C max range, 11.6-49.0 mg/L) decreasing to reach 0.5 mg/ L by 6 h. The concentration-time course of GHB in oral fluid followed closely that of plasma, except that the concentrations in saliva were roughly 33% lower and saliva-to-plasma ratios were always less than unity (1.0). Brenneisen et al. [40] also investigated PK of GHB in plasma, saliva, and urine in eight subjects after a low dose corresponding to 25 mg/g body weight. In contrast to the other studies cited the saliva showed a higher peak concentration of GHB at 10-15 min postdosing compared with blood concentrations.
The available evidence verifies that saliva is a viable matrix for analysis of GHB but does not seem to offer any advantage over blood in terms of extending the window of detection [81, 82] . However, obtaining samples of saliva is less invasive than drawing blood, which makes this fluid more convenient for off-site testing, such as drug screening in various populations, such as motorists [83, 84] . Despite more water in saliva (99%) compared with whole blood (80%) the endogenous GHB concentrations were mostly lower in saliva [46] .
Vitreous humor
VH is commonly used in postmortem toxicology for analysis of ethanol and other abused drugs, such as 6-acetylmorphine [85, 86] . VH is a useful matrix because it is isolated within the eye globe, the retina, and the lens, which makes it less prone to putrefaction process and spread of bacterial from the gut [87] . Hence VH is considered a promising matrix for toxicological analysis of many drugs. Moreover, a suitable specimen of VH can be obtained with syringe and needle without the need to perform a complete autopsy [88, 89] . VH mainly consists of water and a few milliliters can be obtained from each eyeball and then pooled to give a larger volume of specimen for toxicological analysis.
Kintz et al. [56] were among the first to determine GHB in VH and compare the concentrations with other postmortem specimens, including cardiac blood, femoral blood, and bile. Concentrations determined in VH were always above 50 mg/ L when GHB was incriminated in drug-related deaths. Endogenous concentrations of GHB in vitreous were always much lower than 50 mg/L, which was therefore considered a practical cut-off concentration to distinguish endogenous GHB in VH from ingestion of GHB during life [56] .
Elliot [63] determined the endogenous concentrations of GHB in VH and reported a range of 1-3 mg/L in fatalities that were unrelated to prior usage or exposure to GHB during life. Marinetti et al. [90] investigated the effect of different storage conditions on concentrations of GHB in VH from 26 autopsies and reported values less than 5 mg/L. One case had a concentration of 7 mg/L, which might, therefore, be a more appropriate concentration to differentiate antemortem ingestion from postmortem synthesis.
Castro et al. [91] reviewed the endogenous production of GHB in postmortem toxicology and also advocated use of VH as a matrix for analysis, because various PM artifacts were less of a problem compared with blood samples [91] .
Further evidence supporting analysis of vitreous is exemplified by a police investigation of a GHB-related death in Italy [92] . A woman was thought to have been a victim of sexual assault and samples of peripheral blood and VH were taken at the crime scene and again 34 h later when a forensic autopsy was performed. Over this time period, the concentration of GHB in peripheral blood increased by 66.3% compared with an 8.1% increase in VH. This finding might suggest that GHB underwent PM redistribution in blood, considering the rise in concentration observed. An alternative explanation is that GHB in blood increased over the 34 h time period between death and autopsy, but this artifact is less of a problem for VH. Whatever the reason, the concentrations of GHB in VH are more stable than in blood, which supports the use of vitreous as a biological specimen in PM toxicology.
Busard o et al. [93] investigated the stability of endogenous GHB in VH from 22 deaths using samples taken at the crime scene and later when the forensic autopsy was performed. The concentration of endogenous GHB in VH showed only a small increase in concentration from 2.5 mg/L to 3.0 mg/L (geometric mean values), whereas the concentrations in peripheral blood increased from 3.6 mg/L to 7.4 mg/L.
Andresen-Streichert et al. [62] measured endogenous GHB concentrations in VH samples from 54 deaths when GHB exposure during life could be ruled out. The PMI ranged from 1 to 11 days and the concentrations of GHB ranged from <0.6 to 39.0 mg/L (mean 9.6 mg/L, median. 7.5 mg/L). The concentrations of GHB in VH in this study were somewhat higher than in previous studies, although neither PMI nor signs of putrefaction correlated with endogenous concentrations of GHB.
Breast milk
The passage of drugs from the circulating blood into breast milk is important to consider in neonatal care, because nursing mothers treated with various drugs might also feed their infant [94] . Water-soluble drugs, such as ethanol and GHB, easily pass from the bloodstream into the milk of lactating women [95] . The concentrations determined in milk are roughly the same as in the bloodstream, which are continuously decreasing through metabolism. The concentrations of drugs in breast milk are very low and if ingested are further diluted with TBW [96] .
The concern about GHB and breastfeeding arose in connection with a nursing mother being treated with Xyrem V R for narcolepsy, and who wanted to breast-feed her infant. This medication, which is the sodium salt of GHB, distributes into body fluids and tissues including milk of lactating women. Breast milk is composed mostly of water ($90%) so GHB easily passes from the bloodstream into the milk. The PK profiles of GHB in blood and breast milk are similar in terms of maximum concentration reached and time necessary for metabolism and clearance of the drug [97] .
Busard o et al. [98] determined GHB in breast milk collected from a 32-year-old female suffering from narcolepsy and being medicated with sodium oxybate (4.5 g twice daily). The concentrations of endogenous GHB were determined in breast milk collected from 20 healthy breastfeeding mothers not being treated with drugs. Using a validated GC-MS method of analysis, the endogenous concentration of GHB in milk ranged from 0.13 to 1.03 mg/L (mean 0.36 mg/L). These concentrations were significantly lower than in breast milk form women treated with sodium oxybate, which was 23.2 mg/L at 1 h postdosing. At 5 h postdosing, the GHB concentration in breast milk was 0.99 mg/L and not significantly different from the endogenous level in the control group of women. As a general guideline, it was proposed that nursing mothers should wait at least 5 h after taking Xyrem V R before breastfeeding their infant. However, this recommendation was based on a single case so further studies are needed to confirm this suggestion. A study by Barker et al. [99] determined the concentration of GHB in breast milk collected from two women treated with sodium oxybate. In one patient, samples of breast milk were collected for two consecutive nights after 3 g and 4.5 g of sodium oxybate twice nightly. In the other patient, 2.25 g and 3 g of the drug were taken twice nightly. Morning samples of breast milk were collected from both women and these were analyzed by GC-MS. The concentrations of GHB were 2-5 times higher than endogenous concentrations and remained higher for up to 4 h afterward. The authors recommended that first morning milk should not be used in a baby feed, but if this was discarded subsequent milk production was considered safe. A weakness of the study by Barker et al. [99] was the lack of a control group of breastfeeding women in which endogenous GHB concentrations were determined. This was commented upon in a letter-to-the-editor of the journal where the article was published [98] .
Brain tissue
GHB easily passes the blood-brain barrier (BBB) and is distributed throughout the brain tissue where it acts as a depressant drug exerting its effects via the GABA B receptor complex, although other mechanisms, such as a specific GHB receptor, have been postulated [100] . Use of brain tissue for analysis of drugs of abuse seems to be undergoing a renaissance and attention has been given to GHB [101, 102] . The brain is protected by the skull and is therefore considered less prone to microbial contamination unless the body is severely decomposed and putrefied [21] . The analysis of GHB in brain tissue was suggested as a practical alternative to the analysis of blood samples and that the concentrations in brain might be less prone to artifact formation [102, 103] .
A study from 1978 determined endogenous GHB in human brain in seven deaths unrelated to exposure or abuse of the drug during life [104] . The endogenous concentrations ranged from below analytical detection limit up to 2.1 mg/kg for different brain regions. The highest concentration (0.8 mg/kg) was found in the frontal cortex [22] . A study by Ferrara et al. [105] reported the first case of GHB determination in brain tissue in an overdose death involving heroin. The brain tissue analyzed contained GHB and morphine concentrations of 40.0 mg/kg and 0.43 mg/kg brain, respectively.
In a drug-related death, Kalasinsky et al. [106] reported 221 mg/kg GHB in brain tissue from the frontal cortex, which was significantly higher than concentrations previously reported. Since GHB was not detected in hair strands, chronic use of the drug could be excluded. The victim died from an acute fatal overdose of GHB and a general toxicology screening for other drugs was negative, which confirms that GHB was culpable in the death. Mazarr-Proo and Kerrigan [107] quantified GHB in brain tissue and reported a concentration of 102 mg/kg in a 35-year-old male recreational drug user. Since high concentrations of GHB were also detected in other biological fluids and matrices, the cause of death was attributed to GHB intoxication, and the manner of death was accidental.
Mehling et al. [20] found a GHB concentration of 110 mg/ kg in brain tissue from a 6-year-old girl, who was sexually assaulted and later died. By exclusion of other causes of death, the fatality was attributed to GHB intoxication and the assailant was charged with murder.
A 38-year-old man was found dead and near to the body was an empty plastic bottle marked "glue remover." Inspection of the label showed it contained 99.9% GBL, a precursor of GHB. The concentration of GHB in brain was 826 mg/kg, which is good evidence of a massive ingestion of glue remover, probably in a suicide attempt or accidental overdose with GHB [28] .
In a re-appraisal of brain samples in forensic toxicology, Thomsen et al. [102] proposed a GHB cut-off concentration of 10 mg/kg, which they felt would distinguish endogenous levels from exogenous intake. The GHB concentrations in brain tissue from three fatalities were 12.7 mg/kg, 78.4 mg/ kg, and 166 mg/kg. Sampling and analysis of brain were considered less prone to artifacts caused by decomposition. Forensic practitioners from Denmark have published a series of articles advocating the use of brain tissue for analysis of many licit and illicit drugs, including GHB. They consider that sampling brain offers certain advantages when blood is unavailable or when, for various reasons, the results might be compromised [102] . Brain tissue is certainly an option for toxicological analysis, but this specimen is not widely used in most laboratories, probably because reference concentrations for most drugs have not yet been established [108] .
In adults the brain weighs about 1.1-1.5 kg, although drugs are not necessarily evenly distributed throughout the tissue, depending on water and lipid solubility of the active substance and site and mechanism of action in the brain [109] . Many drugs act at specific receptor sites and accumulate in these particular brain regions. GHB is a small uncharged molecule that easily passes the BBB penetrating cell membranes and interacting with various receptor sites (e.g. GABA-B) [110] .
Hair
Since the early 1990s, forensic practitioners have utilized hair strands as a biological matrix for the analysis of therapeutic agents and drugs of abuse [111, 112] . After intake most drugs enter the growing hair follicles, depending on the dose taken and the frequency of administration [113] . The hair color and its melanin content might play some role for uptake of drugs and deserves consideration when results are interpreted. Likewise, the rate of hair growth can differ between individuals depending on the person's age, ethnicity, and gender [114, 115] . Furthermore, care is needed with decontaminated (washing) procedures, which are crucial for removing drug residues, which might be deposited from the environment or form use of various shampoos and/or coloring agents, which can add to or lower the concentrations of drugs in hair [116] . Many of the problems and pitfalls to consider when results of drug analysis in hair strands are interpreted were the subject of a comprehensive review by Cuypers and Flanagan [113] .
Hair analysis is the ideal biological matrix to document a single past exposure to GHB in cases where there is a long delay between drug intake or administration and when conventional fluids and tissue give negative results [117] . Assuming that hair grows at an average rate of 1 cm per month (range 0.7-1.4 cm), this makes it possible to backtrack to the time when an alleged attack or assault took place. Segmenting the hair shaft into 0.5 cm portions or less (down to 0.3 cm), and the use of sensitive analytical methods can disclose the presence of exogenous GHB in hair [118] [119] [120] .
Owing to the dual nature of GHB, endogenous metabolite and recreational drug of abuse, major efforts have been exerted to establish endogenous concentrations in hair to serve as baseline levels [121] . Studies have shown that GHB concentrations in hair vary in relation to hair color and ethnicity and are usually in the range 0-5 ng/mg [121] . The first segment of hair closest to the scalp should not be used in the analysis of GHB, because of a possible contamination with sweat, which can elevate endogenous concentrations in hair up to 20 ng/mg hair [122] .
To simplify the interpretation of GHB analysis in hair strands, it was suggested that each subject serves as his or her own control [120] . The guidelines issued by United Nations Office on Drugs and Crime (UNODC), recommends that if the concentration of GHB in a hair segment is 10 times higher than in another segment, then this is compelling evidence of exogenous intake or surreptitious administration of this drug. However, a difference of 10 to 1 may be too conservative, because there is some evidence to support a lower ratio, such as 3:1 as evidence of GHB intake from hair analysis [118] .
Hair testing is a useful tool in PM toxicology to verify antemortem exposure to GHB, because hair is less prone to PM artifacts, such as those associated with decomposition and diffusion [123] . The concentrations of GHB in hair strands are therefore more stable and less likely to increase in relation to PM interval, and other factors, such as autolysis/putrefaction processes [124] .
The phase 2 metabolite of GHB (GHB-Gluc) was first verified in hair strands by Petersen et al. [125] . This prompted further studies of GHB-Gluc in blood, hair, and other specimens in the hope that it might extended the window of detection of the drug. This line of research was analogous with studies of ethyl glucuronide as a biomarker of drinking alcoholic beverages.
Wang et al. [117] used UPLC-MS/MS to study the incorporation of GHB and GHB-Gluc into hair from two recreational users of GHB and ten control subjects not previously exposed to the drug. In the control group, GHB-Gluc ranged from < LOQ (0.48 ng/mg) to 1.2 ng/mg, whereas in the two GHB users, GHB-Gluc was only slightly elevated in one of then (1.7-3.1 ng/mg) and was below LOQ in the other. These results raise concern about the utility of analyzing GHB-Gluc in hair and more research is needed on this subject.
Busard o et al. [35] developed a method for analysis of GHB, GHB-Gluc, GBL and GABA in hair by UHPLC-MS/MS. A 10 cm hair sample was collected from a 45-year-old man treated with sodium oxybate for 6 months. The sample of hair was cut into 10 segments of 1 cm each and GHB-Gluc was detected in all segments ranging in concentration from 0.32 to 0.86 ng/mg. The GHB-Gluc content of hair did not depend on which segment was analyzed nor whether the mean for the first six segments was compared with the last four. In the same study, GHB concentration were in the range 7.35-9.23 ng/mg in the first six segments and decreased to between 0.89 and 2.89 ng/mg in the remaining four segments.
More recently, Mehling et al. [126] determined both GHB and GHB-Gluc concentrations in hair strands from three narcoleptic patients treated with sodium oxybate. The parent drug and glucuronide metabolite and their ratio were in the same range as in the two previously published studies.
The evidence available indicates that analysis of GHB-Gluc does not provide any additional diagnostic information compared with analysis of GHB in blood, plasma, or hair [126, 127] . This phase II metabolite of GHB is interesting, but less useful as a biomarker for recent drug intake compared with ethyl glucuronide, the corresponding metabolite of ethanol, which is widely used as a biomarker of recent drinking [128, 129] . The sulfate metabolite of GHB is another phase II metabolite, but this pathway has not been as well studied as the GHB-Gluc pathway [130] .
The procedures established for analysis and interpretation of GHB in hair is the same when dealing with AM and PM specimens [121] . Several studies confirm a fairly broad range of endogenous GHB concentrations in hair strands, ranging from 0 to 12 ng/mg [131] . This probably reflects differences in wash frequency, hygiene, and treatment regimes, such as the type of shampoo, colouring, and/or bleaching agents used and decontamination methods [113] .
For these reasons, it is difficult to propose a practical and reliable cut-off concentration for GHB in a single hair strand as compelling evidence of exogenous intake or surreptitious administration in sexual assault cases [122] . The best recommendation so far is to divide the hair shaft into $1 cm segments, analyze each of them, and then compare and contrast the results for each segment [119] . In this way, hair from the same individual acts as a control and a sudden increase in GHB concentration in one or more of the hair segments compared with those in close proximity speaks towards exposure or administration of the drug at an earlier time.
Dried blood spots
The use of DBS as an alternative biological matrix for analysis of drugs like GHB has been reported in a few publications [132, 133] . DBS are a practical medium for analysis of a wide range of licit and illicit drugs. The concentrations of GHB measured in DBS agreed well with those in venous blood samples with an analytical bias of only À2.8%, according to a Bland-Altman plot [134] .
Urine
Drugs and their metabolites in urine are usually at higher concentrations than in blood or plasma, which makes urine a good specimen for making an initial broad screening analysis [87, 135] . Formed in the kidneys, the urine is an ultrafiltrate of the blood and healthy individuals produce $1 mL urine per min, which is collected and stored in the bladder until voided. The urge to void usually occurs after a volume of $300-400 mL is collected. Urine is essentially water (95-99%) with a specific gravity of 1.003-1.004 along with metabolic waste products, such as urea from nitrogen and amino acid metabolism and creatinine, which is a byproduct of muscle metabolism. Indeed, the analysis of creatinine in urine serves as a biomarker to identify dilute specimens. A creatinine content of less than 200 mg/L is used as a threshold to identify dilute specimens and a value below 50 mg/L is considered evidence of manipulation or substitution, such as by dilution with water or another liquid [136, 137] .
Many studies verify that GHB is a normal constituent of urine produced by healthy individuals and the concentration is mostly in the range of 0.5-2 mg/L, although values as high as 5 mg/L have been reported [138, 139] . In a study of endogenous GHB concentrations in random urine voids from 670 healthy individuals, the concentrations ranged from 0.34 to 5.7 mg/L (median 3.0 mg/L) [58] . Another study analyzed GHB in urine from 1126 healthy female students and found concentrations ranging from below LLOQ of the method to 5.5 mg/L (mean 0.84 mg/L. The median concentration was 0.68 mg/L) [140] . These concentrations did not seem to depend on urinary pH, the donor's body mass index, racial origin or use of medication. Only a weak positive correlation (R 2 ¼ 0.3) was found between endogenous GHB concentration and specific gravity of the urine sample. In another study of 50 urine samples from healthy female volunteers, the average endogenous GHB concentration was 1.46 mg/L, which led to the suggestion of using 5 mg/L as a practical cut-off concentration for use in forensic casework [138] . Endogenous concentrations of GHB in urine ranged from 0.17 to 3.03 mg/L (N ¼ 20) in diabetics and these were not significantly different from healthy individuals; range 0.16-2.14 mg/L (N ¼ 30). In pregnancy, the mean urinary GHB concentration was 0.36 mg/L (N ¼ 66) compared with 0.24 mg/L (N ¼ 69) in nonpregnant women [47] . Urinary GHB does not seem to depend on a person's age, gender, smoking, and/or drinking habits and therefore a cut-off of 10 mg/ L was considered appropriate to distinguish endogenous synthesis from exogenous intake [50] . However, in postmortem toxicology, this cut-off concentration should be set higher, and several groups of investigators suggest a cut-off of 30 mg/L (Table 2) .
Endogenous concentrations of GHB were determined in urine from 207 drug-free individuals by a GC-MS method and the results ranged from below LLOQ up to 2.7 mg/L (median 0.24 mg/L) [141] . The mean was 0.27 mg/L (range 0-2.7 mg/L) in males (N ¼ 130) compared with a mean of 0.29 mg/L (range 0-0.98 mg/L) in females (N ¼ 77). In another study of people aged 6-59 years (N ¼ 55) the median concentration of endogenous GHB in urine was 1.3 mg/L (mean 1.65 mg/L) and the range was from 0.9 to 3.5 mg/L) [142] .
The tubes used to collect urine samples for shipment to the laboratory should contain sodium fluoride (1-2% w/v) as a preservative and enzyme inhibitor [143] . The presence of fluoride is important and helps to stabilize GHB concentrations, such as whenever there is a long delay between voiding and performing the analysis. For long-term storage, the urine specimens should be stored frozen [144] .
When urine samples with sodium fluoride as a preservative were stored at room temperature for 12 months, the mean and median endogenous concentrations of GHB were 1.8 mg/L and 1.6 mg/L, respectively. The urinary concentration was less than 5 mg/L in 95% of cases (highest concentration 7 mg/L). These results lend further support to use of 10 mg/L as a suitable cut-off concentration for urine voided by living subjects [145] .
After administration of GHB, the concentration-time course in urine is similar to that in blood, except that the curves are shifted in time and urine concentrations are higher [39, 146] . The absorption of GHB into the blood and excretion into the urine takes a certain time and as this occurs the concentration of GHB in blood is changing rapidly during the absorption phase. For about the first 60 min after intake, the concentrations in blood are initially higher than urinary GHB, whereas at all later times blood GHB is lower than urinary GHB for the entire postabsorptive phase [39] . The difference in concentration between blood and urine GHB is partly explained by differences in water content between specimens blood (80%) and urine (100%), which suggest a theoretical urine/blood ratio for GHB of 1.25:1 [146] .
Comparing GHB concentrations in urine and blood furnishes useful information in postmortem toxicology, because the metabolism and clearance of drugs takes place in the liver, whereas there is no evidence that GHB is metabolized in the urinary bladder. Furthermore, GHB concentrations in urine, VH and CSF tend to be more stable than in blood as shown in several studies [59, 147] .
The close similarity in absorption, distribution, metabolism, and excretion patterns of ethanol and GHB have been discussed elsewhere [2, 148] . The concentration in urine should reflect the concentration in blood at a mid-point in time since the previous void. In many forensic cases, GHB might be reported as "not detected" in a blood sample (below cut-off), whereas a high concentration was present in bladder urine. This proves the person was exposed to GHB during life, but a long survival time has meant that blood concentrations have dropped under the analytical cut-off used for reporting positive results.
Obtaining a positive urine drug test result gives evidence of prior intake or exposure to that substance, although neither the dose administered nor the time of last intake can be deduced from the drug concentration in urine. Both the parent drug and its metabolites are usually at higher concentrations in urine compared to blood, which lengthens the window of detection by several hours, depending on the type of drug analyzed. For some drugs (e.g. acetone, ethanol, methanol, and GHB), the concentration determined in urine can give a hint about the concentration in blood at an earlier time, such as during the time that urine was formed in the kidney and stored in the bladder [149, 150] .
Conclusions
This review amplifies current knowledge about the concentrations of GHB in different types of biological specimen, both endogenous levels and after recreational use or surreptitious administration of the drug. Body fluids for the analysis of GHB must be obtained as quickly as possible after a poisoned patient is admitted to hospital or after a person is arrested for a drug-related crime because of the short plasma elimination half-life and rapid clearance from the blood circulation.
Sampling urine lengthens the window of detection of GHB by 3-4 h compared with blood, but with longer delays between last intake of the drug and obtaining specimens for analysis, hair strands and/or nails might be the only option [151] . These keratinous matrices can be collected weeks or months after an alleged sexual assault took place. In the case of hair sampling, one of the requirements is segmental analysis and comparison of the GHB content along the shaft and specifically around the time of an alleged crime [121] . Efforts to extend the window of detection of GHB, such as by analysis of phase II metabolites (GHB-glucuronide) have not been very successful [127] .
To reach an evidence-based opinion about abuse of GHB or involvement of the drug in certain crimes or overdose deaths, one needs to carefully consider all available evidence in the case. This includes demographics of the victim/suspect and integrity of the biological specimens analyzed, including the risk of various postmortem artifacts. Recently, Professor Hans Maurer (Homberg) pointed out: "Evidence-based case interpretation is more than comparing exactly determined blood levels with reference level lists" [152] .
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